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and Jian Zhen Ou*a
Despite a favourable morphology, anodized and ordered TiO2 nanotubes are incapable of showing
electrochromic properties in comparison to many other metal oxide counterparts. To tackle this issue,
MoO3 of 5 to 15 nm thickness was electrodeposited onto TiO2 nanotube arrays. A homogenous MoO3
coating was obtained and the crystal phase of the electrodeposited coating was determined to be a-
MoO3. The electronic and optical augmentations of the MoO3 coated TiO2 platforms were evaluated
through electrochromic measurements. The MoO3/TiO2 system showed a 4-fold increase in optical
density over bare TiO2 when the thickness of the MoO3 coating was optimised. The enhancement was
ascribed to (a) the a-MoO3 coating reducing the bandgap of the composite material, which shifted the
band edge of the TiO2 platform, and subsequently increased the charge carrier transfer of the overall
system and (b) the layered morphology of a-MoO3 that increased the intercalation probability and also
provided direct pathways for charge carrier transfer.Introduction
Ordered one-dimensional (1D) and two-dimensional (2D)
nanostructures of transition metal oxides (TMOs) have received
signicant attention due to many of their unique features
including high optical transparency, the possibility that the
whole volume can be affected equally as it is made of equal
sized nano-features and a large surface to volume ratio.1,2
Adding thin coatings of another TMO onto such 1D and 2D
nanostructures can potentially promote enhanced charge
separation, surface absorption and structure stability as well as
the possibility of tuning electronic features such as the
bandgap.3,4 These distinctive characteristics provide opportu-
nities in augmenting the properties of nanotechnology enabled
systems incorporating binary TMOs.
Titanium oxide (TiO2) nanotubes (TNTs) are one of the most
extensively studied nanostructured TMOs.5–7 It has been shown
that their highly ordered structure provides many opportunities
for creating electronic, mechanical and optical devices and
systems with remarkable properties. The ordered structure and
highly tunable electronics of TNTs can also be potentially usedors, School of Electrical and Computer
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Chemistry 2013for facilitating electrochromic activities. However their weak ion
accommodation ability,8 unfavorable band structures9 and the
newly discovered issues with charge carrier mobility10 within
the tubes have led to mediocre electrochromic responses.9 This
has thus far excluded TNTs as a prominent choice for electro-
chromic applications. It has been reported that coating or
decorating TNTs with complementary electrochromic TMOs
such as tungsten oxides (WO3) signicantly improves their
electrochromic properties.11,12 However, comprehensive studies
on molybdenum trioxide (MoO3) complementary electro-
chromic TMOs are rarely available.13–15
MoO3 is a promising transition metal oxide for coating
applications that has been comparatively less studied than
TNTs. It has a reported bandgap in the range of 3.0 to 3.1 eV (ref.
16) and is widely employed in electrochromic and photo-
chromic devices, gas sensors, eld effect transistors and lithium
batteries.17–24 MoO3 is generally found in two different crystal
phases: a-MoO3 and b-MoO3.25–27 One of the key features of a-
MoO3 is its intrinsic layered nature that readily accommodates
large quantities of positive ions.28 Interestingly, the accommo-
dation of ions can result in potential bandgap manipulations.
Additionally, the layered structure also offers superior charge
transfer.22 Therefore, if MoO3 is used as a coating material,
these properties will potentially offer opportunities for adjust-
ing the band structure of TNTs thereby enhancing ion interca-
lation that can improve the electrochromic properties of TNTs.
Additionally, implementing electron scavenging materials with
suitable electronic structures, with reference to the electronic
structure of MoO3, can improve the charge transfer and
subsequently augment the electrochromic performance. So far,Nanoscale, 2013, 5, 10353–10359 | 10353
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View Article Onlineprevious research on decorating TiO2 with MoO3 and devel-
oping composites of MoO3 and TiO2 has resulted in limited
success for practical applications. This is largely due to the fact
that in those reports metal or alloy sheets were used as the
substrates,14,15 which are non-transparent. As a result, the
outcomes are not feasible for the fabrication of many types of
optical devices or displays. Furthermore, there is a lack of ne
control over synthesis and insufficient analysis of the incorpo-
rated MoO3 that inuences the system.
Various liquid and vapor synthesis techniques have been
used for synthesizing MoO3 in different morphologies.17,22,29
However, there is rarely any report on methods that result in a
uniform and conformal coating of MoO3. Access to such
a method is critical for forming a homogenous coverage on a
nanostructured substrate such as TNTs. Electrochemical
deposition is an attractive synthesis technique as it offers facile
control over lm growth, where the experimental parameters
can in principle be tuned for depositing very thin layers of
MoO3. The electrodeposition of MoO3 can be carried out under
ambient conditions and relatively mild environments, making
it a suitable approach to be implemented onto TNT platforms.30
Our group has previously investigated the electrodeposition of
MoO3 onto transparent conductive substrates where a uniform
coverage over a large area was achieved.30 However, in our
investigations we realized that the adhesion of electrodeposited
MoO3 to many conductive substrates in many instances was not
strong, posing a stability issue for possible applications in
electrochromic devices. In such devices a potential is applied
against a reference electrode that could result in peeling the
loosely adhered MoO3 layers, rendering it inefficient for
industrial applications that require durability. We hypothesize
that by increasing the roughness of the substrate surface the
adhesion of MoO3 can be substantially increased, which would
enhance the stability and durability of an electrochromic
device. In this case, TNTs, with their large surface to volume
ratio, are a promising template.
In this work, we coated TNT lms with electrodeposited
MoO3 and comprehensively studied their composition and
electrochromic properties. Scanning and transmission electron
microscopies and X-ray photoelectron spectroscopy (XPS) were
used to conrm the presence and stoichiometry of the depos-
ited MoO3 while X-ray diffraction (XRD) and Raman spectros-
copy demonstrated the crystallinity of the MoO3 coating.
Finally, UV-Vis, cyclic voltammetry (CV) and electrochromic
(EC) response measurements were carried out to verify band
structure manipulation, lithium intercalation and a band edge
shi in the TNT and TNT/MoO3 systems.Experimental
TNT formation
TNT layers were grown by anodic oxidation following the
method of Zheng et al.31 Ti lms of 0.3 mm were deposited
using a radio frequency (RF) sputtering system tted with a Ti
target (99.995% purity, Williams Advanced Materials). Ti was
sputtered on uorine-doped tin oxide (FTO, 15 U per square,
Dyesol) glass substrates at 20 103 Torr and 100 W applied RF10354 | Nanoscale, 2013, 5, 10353–10359power and the substrate temperature of 300 C for 60 min. The
samples were then placed in a two-electrode cell conguration
using the sample (0.7 cm2) as an anode and a platinum (Pt)
foil as the cathode. The anodization was carried out using a
high-voltage potentiostat (CHI-413A electrochemical station) in
an electrolyte mix of ethylene glycol (EG, 98% anhydrous, Sigma
Aldrich), water (4 vol.%) and ammonium uoride (NH4F 5 wt%)
at 60 V for 270 s. This process formed nanotube layers with a
tube length of 1 mm. The samples were then annealed in a
standard laboratory horizontal furnace at 450 C for 120 min in
ambient air, with ramp up and ramp down rates of 2 C min1.
MoO3 coating on TiO2 nanotubular lms
For the molybdenum oxide deposition, a molybdate solution
was prepared by adding 5 mM sodium molybdate (Na2MoO4,
99% purity, Sigma Aldrich) into distilled water. Sulphuric acid
(H2SO4) was added to adjust the pH to 4. The electrodeposition
of MoO3 was carried out at room temperature using a CHI-413A
electrochemical station employing a standard three electrode
cell conguration. The TNT samples with 0.7 cm2 exposed area
were used as the working electrode, a Pt wire (0.5 mm diameter,
BASi Platinum Wire) as the counter electrode, together with an
Ag/AgCl (3 M KCl) (BASi) reference electrode in a custom made
electrochemical cell with rectangular sides. The chro-
noamperometry (CA) technique was utilized to manipulate and
achieve the molybdenum oxide deposition onto the TNT
samples. CA was carried out at an upper limit of 0 V and a lower
limit of 0.6 V for a duration of 60 s at initially 0.6 V and then
at 0 V for 2, 4, 8 and 10 cycles. Upon completion of electrode-
position, samples were washed using MilliQ water and dried in
N2. The coated samples were further annealed to remove water
from the electrodeposited lms and obtain the desired crystal
phase in a standard laboratory horizontal furnace at 350 C for
120 min in ambient air, with ramp up and ramp down rates of
1 C min1.
Surface and crystal structure characterization
The TNT andmolybdenum oxide lms were characterized using
XRD obtained with a Bruker AX 8: discover with a general area
detector diffraction system (GADDS), XPS was performed using
a Thermo Scientic K-alpha instrument with an Al Ka source.
The High-Angle Annular Dark Field (HAADF) Scanning Trans-
mission Electron Microscopy (STEM) images were taken using a
JEOL2100F HRTEM operating at 200 kV and Raman measure-
ments were performed using a 532 nm laser at 0.9 mW power
with a Jobin Yvon Horiba TRIAX320 spectrometer system
incorporating an Olympus BX41 microscope with a 50 objec-
tive. The surface morphologies were observed using scanning
electron microscopy (SEM) and performed on a FEI Nova Nano
instrument.
Electronic and optical characterization
The bandgap energies of the lms were obtained using their UV-
Vis spectra. Transmittance measurements were carried out
using a Fiber Ocean Optics Spectrometer using a UV-Vis-NIR
light source (DH-2000, Mikropack, Ocean Optics). In situThis journal is ª The Royal Society of Chemistry 2013
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View Article Onlinetransmittance characterizations were conducted at room
temperature also using the CHI-413A electrochemical station
via a three electrode conguration, employing the coated
samples as the working electrode (exposed area of 0.5 cm2), and
the aforementioned counter and reference electrodes. The
electrolyte used was 0.1 M LiClO4 in polypropylene carbonate
(PC, 98% anhydrous, Sigma Aldrich).Fig. 2 (a) SEM images of a bare TNT film with (b) the TNT cross-section, and (c–f)
SEM images of 2, 4, 8 and 10 deposition cycles of MoO3 coated TNT films.Results and discussions
A pictorial representation of the TNT anodization and subse-
quent MoO3 coating is shown in Fig. 1. In order to verify the
presence of MoO3 on the coated TNT lms, SEM images of TNT
lms with different thicknesses of MoO3 coating were obtained.
The degree of MoO3 coating was controlled by changing the
number of chronoamperometry cycles during the electrodepo-
sition. Represented in Fig. 2a is the surface morphology of the
bare TNT lm. It was observed that the TNT lm comprised of
compact vertically aligned nanotubes of 1 mm length, with
inner and outer diameters of approximately 70 and 95 nm,
respectively (Fig. 2b). The coated TNT lms (Fig. 2c–f) revealed
MoO3 layers encasing the entirety of the TNT surface, thereby
reducing the interior diameter of the nanotubes. It was
apparent that the pore diameter of the TNTs changed with
MoO3 growth. The inner diameters of the coated TNTs
measured from the SEM images (Fig. S2 and Table S1†) showed
a reduction to 60, 50, 40 and 41 nm aer 2, 4, 8 and 10
deposition cycles, respectively. Interestingly, visible perpendic-
ular growth of MoO3 was evident on the surface of the tubes
(Fig. S1†) which was in agreement with the XRD data discussed
below that demonstrated the growth of MoO3 layers to be
parallel to the surface of the tubes.
Illustrated in Fig. 3 are the XRD patterns of the MoO3 coated
TNTs, bare TNTs and FTO substrate. For brevity only the
thickest MoO3 coating (10 cycles) is shown. The major sharp
peaks observed (Fig. 3a) in both TNT and coated samples match
the reported anatase TiO2 diffraction pattern.31,32 Given that theFig. 1 Pictorial representation of the TNT anodization and subsequent MoO3
coating.
Fig. 3 (a) XRD patterns of the MoO3 coated TNT film, bare TNT film and FTO
substrate and (b) zoomed in XRD patterns of (a).
This journal is ª The Royal Society of Chemistry 2013thickness of the coated MoO3 layer was approximately 15 nm
(for 10 cycles) as deduced from the SEM image (Fig. 2), it was
difficult to obtain high intensity peaks, with reference to the
TNT peaks. However, as observed in Fig. 3b, the zoomed in XRD
pattern reveals a diffraction peak at 24.3 matching the (110)
plane of the a-phase MoO3. This provides strong evidence that
the MoO3 coating is made of layered planar crystals in parallel
to the surface of the TNTs. The number of double layers (1.4 nm
for each double layer) of MoO3 is 10 according to Kalantar-
zadeh et al.27,33
In order to ascertain the presence, stoichiometry and crystal
phase of the coated MoO3, XPS and Raman spectra measure-
ments were also carried out. The resulted XPS spectra and data
in Fig. 4 and Table 1 illustrate the characteristic bindingNanoscale, 2013, 5, 10353–10359 | 10355
Fig. 4 XPS spectra of MoO3 coated TNT films.
Table 1 XPS depth profile of MoO3 coated TNT films (for 2 cycles)
Depth (nm) Atomic percentage (%)
0 3.66054
70 1.91366
140 1.52816
210 1.55112
280 1.61886
350 1.71938
420 1.91012
490 1.80486
560 1.80251
630 1.78762
700 1.86129
770 1.77895
840 1.83886
910 1.90069
980 1.85169
Fig. 5 Raman shift of bare TNT and MoO3 coated TNT films.
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View Article Onlineenergies of the Mo 3d photoelectron peaks. XPS spectra of the
MoO3 coated TNT lm surface (Fig. 4) revealed two main peaks
located at 235.4 and 232.6 eV, corresponding to Mo 3d3/2 and
Mo 5d5/2 peaks for Mo
6+. Incremental depth proles were con-
ducted to assess the coverage of the TNTs with MoO3 coating
(Table S2†). The values for the coated sample using 2 cycles are
presented in Table 1. The atomic content of MoO3 was higher at
the surface, almost dropped to half just under the surface level
(depth of 70 nm), and remained constant at a penetration depth
of 1 mm. This is a good indication that the coating was
homogenously distributed on the walls of TNTs.
The deposited MoO3 crystal phase was further investigated
using Raman spectroscopy (Fig. 5). Two low intensity broad
peak regions centred at ca. 800 and 980 cm1 are visible in
each of the MoO3 coated samples, corresponding to a-MoO3.
Additionally a peak at 667 cm1 should also be present for
a-MoO3, however, this peak is overwhelmed by the stronger
anatase TiO2 peak at 663 cm
1. Obviously annealing at 350 C
transformed the as-deposited hydrated MoO3 coating into
crystalline layered a-MoO3. The presence of a phase MoO3 is
benecial as it has been reported that this phase (in comparison
to the b phase which is obtained at lower annealing tempera-
tures)30 exhibits more efficient positive ion accommodation and10356 | Nanoscale, 2013, 5, 10353–10359better charge transfer due to its layered nature, which conse-
quently promotes electrochromic responses.
In order to investigate the band structure properties of the
TNTs and the coated TNTs with MoO3 (the 10 cycle sample was
chosen to obtain the maximum optical effect by MoO3), Tauc
plots of both samples were obtained by extracting their UV-Vis
absorbance spectra to estimate their bandgap energies. From
Fig. 6a, it is observed that the bare TNT lm bandgap energy (Eg)
was measured at 3.34 eV, which is shied in comparison to bulk
anatase TiO2. This shi in bandgap might be due to the quan-
tization effect, where lattice distortion in nanotube-array lms
is likely higher, and potentially forcing vacancies along the
nanotube walls to become trap states that lead to lower band-to-
band transition energy.34 The coated lm had a smaller Eg of
3.29 eV (Fig. 6a). This alteration of the bandgap structure
was induced by the inherently narrower bandgap of pure MoO3
(3 eV).16
The modication of the bandgap-structure between the bare
TNT and MoO3 coated lms was also evident from CV
measurements (Fig. 6b) which were carried out at a sweep rate
of 0.1 V s1 between 1 and 1 V in 0.1 M LiClO4. During the
negative potential cycle, it was revealed that the MoO3 coated
sample showed the larger amount Li+ intercalation as presented
by the larger cathodic current peak and area. Furthermore, the
onset potential of the cathodic current peak was observed to
shi towards more positive potentials which indicate reduced
interfacial charge transfer resistance and most likely an altered
ionization affinity energy of the TNT platform underneath. A
higher positive maxima (dened as the anodic peak) was seen
for the MoO3 coated sample, which indicated higher electron
de-intercalation during the reverse potential sweep. The anodic
peak for the coated sample also shied towards a more positive
potential, which also indirectly reected a change in the lm's
band edge. This suggests that the MoO3 coating of the TNT lm
increases the lm's capability to accommodate more interca-
lated charges, and alters the band structure of the TiO2 plat-
form. Additionally, it is expected that implementing electron
scavenging materials with suitable electronic structures, with
reference to the electronic structure of MoO3, can improve the
charge transfer and subsequently augment the electrochromic
performance.This journal is ª The Royal Society of Chemistry 2013
Fig. 6 (a) Tauc plot illustrating the bandgap of the bare TNT and MoO3 coated
films and (b) cyclic voltammogram of bare TiO2 and MoO3 coated films.
Fig. 7 (a) In situ transmittance of bare TNT and coated samples and (b) elec-
trochromic stability of the 4 cycled MoO3 coated TNTs.
Paper Nanoscale
Pu
bl
ish
ed
 o
n 
20
 A
ug
us
t 2
01
3.
 D
ow
nl
oa
de
d 
by
 Q
ue
en
sla
nd
 U
niv
ers
ity
 of
 T
ec
hn
olo
gy
 on
 12
/11
/20
13
 23
:56
:17
. 
View Article OnlineIn situ transmittance measurements were carried out in
conjunction with CVs during the band structure investigation
aer an initial measurement of the transparency (Fig. S3†) for
all samples. The resulting in situ transmittance responses at
550 nm were obtained for the bare TNT and MoO3 coated lms
(Fig. 7a). The optical modulation is presented by the optical
density change (DOD) of the electrochromic (EC) layer. The
DOD is a crucial factor in determining the performance of EC
materials and it can be calculated from the following
equation:35
DOD ¼ log

Tb
Tc

(1)
where Tb and Tc refer to the transmittance of the EC layer in its
bleached and coloured states, respectively. The bare TNT lm
achieved 0.02DOD and all MoO3 coated lms achieved higher
DOD. These results indicated coated lms exhibiting superior
electron injection efficiency between the MoO3 and TiO2 layers,
which drastically increased the EC capabilities of the bare TNT
lms. Interestingly, the DOD values for the samples prepared
with 8 and 10 deposition cycles decreased in comparison to the
lower deposition cycles. The MoO3 coating using 4 cycles is seen
to achieve the optimal response having obtained the best DOD
of 0.08, which is 4-fold higher than that of the bare TNT lm
(Fig. S4†). The repeatability of this sample was also investigated
(Fig. 7b and S5†). Signicantly, no noticeable degradation in the
optical modulation, response and recovery kinetics up to 1000
continuous coloration/bleaching cycles was observed. The
discussion regarding the better performance of the coating
obtained at 4 cycles is presented later in this section.This journal is ª The Royal Society of Chemistry 2013During the EC process, equal quantities of positive ions (i.e.
Li+ in this work) and electrons are injected upon application of a
sufficiently negative potential. A transition in the valence states
of the metal ions in the EC material induces the coloration
phenomenon.36 Such an electro-optical process can be further
divided into two states. The ‘shallow’ state refers to the initial
ions and electron intercalation state in an EC material, where
Li+ ions are free to diffuse throughout the host structure of the
metal oxides.36 The local polarisation induces a transition from
the ‘shallow’ state to a ‘trapped’ state, in which polarisation of
the intercalated Li+ ions to nearby electrons alters the valence
state of the adjacent metal atoms. This changes the bandgap of
TMOs and results in coloration. The reverse occurs during the
bleaching process. We therefore ascribe the superior EC
performance of MoO3 coated TNTs in comparison to bare TNTs
to the following reasons:
MoO3 coating of the TNT platform forcibly alters the
conduction bands towards more negative values (Fig. 6 and 8).
Therefore the coated material more readily accommodates Li+
ions and electrons at relatively lower applied potentials.
The deposited MoO3 has been annealed at 350 C to produce
a-MoO3. This coated a-MoO3 offers excellent intercalation sites
due to its intrinsically layered structure and exhibits better
charge carrier transportation and provides low scattering
conduction paths in comparison to TNTs (Fig. 9).27
With the coatings achieved using 2 and 4 deposition cycles,
the deposited MoO3 layers are quite thin (less than 5 nm) and in
the few nanometre range (schematically shown in Fig. 9b),
intercalated Li+ ions and electrons experience only the ‘shallow’Nanoscale, 2013, 5, 10353–10359 | 10357
Fig. 8 Band structure coupling of TNTs and coated MoO3.
Fig. 9 Schematic of Li+ intercalation in bare TNTs and MoO3 coated TNTs
obtained at different cycles.
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View Article Onlinestates, and therefore can efficiently diffuse into the underlying
TNT platform.36 However using 8 and 10 deposition cycles, the
deposited MoO3 layer is much thicker (10 nm), and therefore10358 | Nanoscale, 2013, 5, 10353–10359some of the intercalated Li+ ions and electrons are trapped in
the MoO3 layers (Fig. 9c), which are unable to diffuse as effec-
tively into the TNTs as seen for the thinner samples.
Another possibility in the reduction of the EC effect for the 8
and 10 cycle samples is the small size of the pores. Smaller
pores hinder the effective diffusion of the electrolyte into the
pores and therefore reduce the chance of Li+ interaction with
the surface of MoO3 (Fig. 9c).Conclusion
In summary, we have synthesized highly ordered TiO2 nanotube
arrays of 1 mm thickness with 70 and 95 nm inner and outer
diameters respectively on FTO substrates by using the anod-
ization method. We demonstrated uniformMoO3 coatings from
5 to 15 nm on the TNT platform by employing a facile electro-
deposition technique. It was found that the coating was the
a-phase of MoO3 which deposited parallel to the surface of the
TNT platform in a highly homogenous manner. UV-Vis and EC
measurements of these coated lms demonstrated a reduction
in the bandgap and shiing of the band edges of the overall
system which resulted in superior charge transfer performance.
These augmentations give rise to signicant improvements in
the electrochromic properties of the MoO3 coated TNTs in
comparison to bare TNTs in terms of both optical density and
repeatability. These results indicate that coating TNTs with thin
layers of MoO3 offers a viable method for the fabrication of
efficient electrochromic devices. Other molybdenum oxide
compounds such as MoO2 also exhibit potential as comple-
mentary materials for nanoscale coatings and should be
investigated.37,38Acknowledgements
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